Study Design. Prospective longitudinal study. Objective. To evaluate the effect of bed-rest on the lumbar musculature and soft-tissues. Summary of Background Data. Earlier work has suggested that the risk of low back injury is higher after overnight bed-rest or spacefl ight. Changes in spinal morphology and atrophy in musculature important in stabilizing the spine could be responsible for this, but there are limited data on how the lumbar musculature and vertebral structures are affected during bed-rest. Methods. Nine male subjects underwent 60-days head-down tilt bed-rest as part of the second Berlin Bed-Rest Study. Disc volume, intervertebral spinal length, intervertebral lordosis angle, and disc height were measured on sagittal plane magnetic resonance images. Axial magnetic resonance images were used to measure cross-sectional areas (CSAs) of the multifi dus (MF), erector spinae, quadratus lumborum, and psoas from L1 to L5. Subjects completed low back pain (LBP) questionnaires for the fi rst 7-days after bed-rest. Results. Increases in disc volume, spinal length (greatest at lower lumbar spine), loss of the lower lumbar lordosis, and move to a more lordotic position at the upper lumbar spine (P Ͻ 0.0097) were seen. The CSAs of all muscles changed (P Ͻ 0.002), with the rate of atrophy greatest at L4 and L5 in MF (P Ͻ 0.002) and at L1 and L2 in the erector spinae (P ϭ 0.0006). Atrophy of the quadratus lumborum was consistent throughout the muscle (P ϭ 0.15), but CSA of psoas muscle increased (P Ͻ 0.0001). Subjects who reported LBP after bed-rest showed, before reambulation, greater increases in posterior disc height, and greater losses of MF CSA at L4 and L5 than subjects who did not report pain (all P Ͻ 0.085). Conclusion. These results provide evidence that changes in the lumbar discs during bed-rest and selective atrophy of the MF muscle may be important factors in the occurrence of LBP after prolonged bed-rest.
I
t has been suggested that bed-rest, as short as overnight, can result in an increased risk of low back injury on rising. 1 After spacefl ight, where the typical loading patterns of the spine seen on Earth are removed, astronauts show a much higher incidence of intervertebraldisc her-niation than the general population or an Army aviation population. 2 Overnight bed-rest 3 and spacefl ight 4 increase the size of the lumbar discs, which in turn has been linked to an increase in disc hydration. 3 In prolonged (Ն4 weeks) bed-rest, which is commonly used for spacefl ight simulation, 5 lengthening of the spine, loss of the lumbar lordosis, increases in disc size, and increases in disc height have been observed. 4, 6, 7 These changes may increase the biomechanical vulnerability of the lumbar discs to failure 8 as well as stresses on other lumbar structures. 9, 10 Furthermore, changes in spinal length and shape of the lumbar lordosis during bed-rest can alter the action of the musculature at the lumbar spine. 11 The neuromuscular system has a critical role in preventing injury of the lumbar spine. 12, 13 For example, the multifi dus (MF) muscle is important in stabilizing the lumbar segments, 14, 15 controlling the lumbar lordosis, [16] [17] [18] and withstanding compressive loading on the spine. 17 Studies in long-duration bed-rest have shown that while greater atrophy of the spinal extensors occurs during prolonged bed-rest than of the spinal fl exors (e.g., psoas [PS]), 7, 19 this atrophy appears to be greater in the lumbar MF muscle than in the erector spinae (ES) muscle. 6, 20 The motor control of the lumbopelvic musculature is also altered after long-duration bed-rest. [21] [22] [23] These changes could compromise the ability of the neuromuscular system to control the movements of lumbar joints and structures and to prevent injury to spinal structures.
In understanding the effect of (prolonged) bed-rest on the lumbar spine, a number of questions remain unanswered. No work has yet considered whether atrophy of the lumbar musculature is consistent across each of the different lumbar levels. This is an important consideration as, clinically, low back pain (LBP) is more frequent at the lower lumbar spine. 24 A greater amount of muscle atrophy at a given vertebral segment, could compromise the ability of the neuromuscular system to stabilize that particular intervertebral segment. Also, little work has been performed to date considering in detail changes in disc shape and volume. These variables have been linked by biomechanical studies to increased stresses in the anular disc fi bers, 9 risk of tissue failure, 8, 9 and should be considered in greater detail to understand the potential effect of bed-rest to increase the vulnerability of the lumbar spine.
In the current work, we aimed to examine morphologic changes in the lumbar spine using magnetic resonance imaging, including changes in disc volume and shape, during prolonged bed-rest. We also aimed to examine differential atrophy of the musculature of the lumbar spine during bedrest by measuring changes of cross-sectional area (CSA) in the MF, ES, PS, and quadratus lumborum (QL) muscles at each lumbar vertebral level. The occurrence of LBP after bed-rest was also considered.
MATERIALS AND METHODS

Bed-Rest Protocol
Nine medically and psychologically healthy males (age, 33.1 [7.8] years; weight, 80.6 [5.2] kg; height, 181.3 [6.0] cm) participated in the second Berlin BedRest Study and underwent 60-days of 6° head-down tilt (HDT) bed-rest. Exclusion criteria specifi cally relevant to the current study were a history of chronic LBP, a current episode of LBP, or any history of spinal operation. The study was approved by the ethical committee of the Charite Universitatsmedizin Berlin. All subjects gave their informed written consent before participation in the study.
Between September 2007 and September 2008, the study was conducted at the Charite Campus Benjamin Franklin in Berlin, Germany, by the Centre for Muscle and Bone Research. Subjects attended the facility for the baseline data collection (BDC) from 9 days before a subsequent 60-day 6° HDT 25 bed-rest period and remained in the facility for a 7-day post-bed-rest observation period. Subjects were monitored with 24-hour nursing care. Video surveillance also permitted monitoring of subjects' activities at day and night and to ensure adherence to the study protocol. During the HDTphase, subjects performed all hygiene in the HDT position and were discouraged from moving excessively or unnecessarily.
LBP Questionnaires
At baseline magnetic resonance (MR)-scanning (BDC-8/-9), 2 days before bed-rest (BDC-2), every day during the fi rst 2 weeks of bed-rest (HDT1 to HDT14), at weekly intervals (HDT18, HDT25, HDT32, HDT39, HDT46, HDT53,  HDT57) , and in the 7-days of ambulant post-bed-rest recovery (R ϩ 1 to R ϩ 7), subjects were asked to fi ll out a LBP questionnaire. Subjects were asked to report whether LBP was present, mark its location on a body chart and its intensity on a Visual Analogue Scale (VAS). 26 Incidence of LBP was defi ned as any report of pain or discomfort between the fi rst lumbar vertebrae and the coccyx.
Magnetic Resonance Imaging Protocol
Imaging was performed before bed-rest during the BDC period (BDC; either 9 or 8 days before bed-rest), then again on either day 27 or day 28 (HDT27/28) of bed-rest and at the end of bed-rest on day 55 or day 56 (HDT55/56), using a 1.5-T Siemens Avanto scanner (Erlangen, Germany). Subjects were required to remain in the horizontal supine position for 2 hours before the start of the imaging procedure, and other body regions were imaged for an additional hour before the sequences for the current study being performed. For measurements of spinal morphology, 29 sagittal images (thickness, 3 mm; inter-slice distance, 3.3 mm; repetition time, 5240 milliseconds; echo time, 101 milliseconds; fi eld of view, 380 ϫ 380 mm interpolated to 320 ϫ 320 pixels) were taken to encompass the entire vertebral body and include the transverse processes of the lumbar spine in a fi eld of view from the lower thoracic spine (typically T10) to the sacrum (Figure 1 ). The operator was in-F1 structed to then position 5 groups of 3 slices each (slice thickness, 4 mm; interslice distance, 4 mm; repetition time, 7560 milliseconds; echo time, 97 milliseconds; fi eld of view, 260 ϫ 234 mm interpolated to 320 ϫ 288 pixels) over the transverse process of each vertebral body from L1 to L5 and to then angulate each group of slices to be parallel to the superior F2 vertebral endplate of its vertebra (Figure 2 ).
Image Measurements
To ensure measurer blinding to study time-point, each dataset was assigned a random number (available at: www.random. org). ImageJ 1.38ϫ (available at: http://rsb.info.nih.gov/ij/) was used for MR image analyses, which were conducted manually by the same operator (D.L.B.). The following measures of spinal morphology were conducted in every image where the required anatomic landmarks could be delineated (Figure 1 ):
1. Intervertebral length is the length of a line drawn between the dorsorostral corners of S1 and the T12, L1, L2, L3, L4, and L5 vertebral bodies and its angle were measured. The vertical distance between the dorsorostral corner of S1 and the other vertebral bodies was then calculated via simple trigonometry. The intervertebral length was then calculated (e.g., simus muscle, the fascial border 27 separating these 2 muscles was used as an anatomic landmark.
Further Data Processing
To assess for potential biomechanical implications of the changes in spinal morphology during bed-rest, the ratio of the transverse-plane disc area/sagittal plane disc height were calculated. 9 Sagittal plane disc height was determined as the average of posterior and anterior disc height for a given disc. Transverse-plane area was determined as (disc volume)/(sagittal plane disc height).
Statistical Analyses
Linear mixed-effects models 28 in the "R" statistical environment (version 2.6.1, available at: www.r-project.org) were used to fi t models to each of the spinal morphology variables (intervertebral length, disc volume, disc height [anterior and posterior], intervertebral angles, and the ratio transverseplane-disc-area/sagittal-plane-disc-height) with factors of study-date (BDC, HDT27/28, HDT55/56), vertebral-level (T12-L1, L1/2, L2/3, L3/4, L4/5, L5-S1), and a vertebrallevel ϫ study-date interaction as well as linear covariates of baseline BDC subject age, height, and weight. Random effects between T12 and L1 by subtracting the distance between S1 and L1 from the vertical distance between S1 and T12). 2. Disc volume of each disc from T12-L1 to L5-S1 was interpolated from all sagittal plane CSA measures of each disc. 3. Anterior and posterior disc height were measured from the ventral caudal and ventrorostral corners (anterior disc height) to the dorsocaudal and dorsorostral corners (posterior disc height) of the vertebral bodies between T12-L1 and L5-S1. 4. Intervertebral angles were measured as the angle between lines drawn parallel to the superior endplates of each vertebra from T12 to S1. Positive values denoted a "lordosis" between vertebrae and negative values indicating a "kyphosis" between vertebrae.
Bilateral CSA measurements of the lumbar MF, ES, QL, and PS muscles were conducted (Figure 2 ), and the average CSA from each of the 3 images at each vertebral level was calculated. CSA measures were then averaged between left and right sides for each muscle at each vertebral level. To accurately delineate MF and the more laterally placed lon-gis- Figure 1 . Measurements of spinal morphology. Left: before bedrest; right: at end of bed-rest in same subject. Disc volume was interpolated from sagittal plane disc area measurements of each lumbar intervertebral disc (shown at L3/4 on left side of image). Anterior and posterior disc height was also measured (shown between L2/3 at left). Intervertebral angle was calculated between lines drawn at the superior endplate of each vertebra (left at L5 and S1). Spinal length (right) was measured between each vertebra from the vertical distances between the dor-sorostral corner of S1 and the dorsorostral corners T12, L1, L2, L3, L4, and L5. Note the lengthening of the spine at the end of bed-rest, increase in disc size and fl attening of the spinal curvature. for subject and vertebral-level within subject were permitted and where necessary allowances for heterogeneity of variance (such as due to vertebral-level and/or study-date). For the variable of disc height, an additional factor of disc-region (posterior disc, anterior disc), relevant interactions, random effects, and allowances for heterogeneity of variance were added. Subsequent analysis of variance assessed the signifi cance of each of the factors and interactions. An ␣ of 0.05 was taken for statistical signifi cance. Where a signifi cant factor (such as study-date) was found, post hoc contrasts examined the differences at each level of the factor.
To assess differential atrophy between and within muscles, the percentage change in muscle CSA at for each subject, muscle and vertebral-level was calculated at HDT27/28 and HDT55/56. For each muscle (ES, PS, MF, QL), separate nonlinear mixed effects models 28 were then fi tted with fi xed effects for vertebral level. As modeling "time" (weeks of bed-rest) as both exponential decay and linear models yielded similar results for ES, MF and QL, the results from the linear model are presented here for ease of interpretation (an exponential decay model was inappropriate for PS due to increases in CSA observed). Random effects for subject and muscle (or vertebral-level) within subjects were included. Allowances were made for heterogeneity of variance between vertebral-level and study-date. Where analysis of variance suggested differences between vertebral-levels within a given muscle, post hoc contrasts between evaluated the signifi cance of the differences in the rate of CSA change between individual vertebral-levels.
To assess the relationship between the occurrence of LBP during bed-rest and in the week after bed-rest and changes during bed-rest, the percentage change in each of the morphologic and muscle CSA variables at HDT55/56 compared to baseline was calculated. Then, linear mixed-effects models were fi tted in similar fashion to above except that factors of occurrence of LBP during or after bed-rest ("yes" or "no"), vertebral-level and their interaction were used as main effects. Where appropriate, post hoc comparisons then evaluated the association of LBP occurrence with a particular spinal morphology or muscle CSA variable.
RESULTS
Before bed-rest, on the days when baseline MR-scanning was performed, no subjects reported LBP. One subject reported central LBP (VAS ϭ 12) when questioned 2 days before bedrest. During bed-rest, 4 subjects reported central LBP. In 3 of these subjects, pain was reported on 1 day only (1 each on HDT1 [VAS ϭ 14], HDT2 [VAS ϭ 33], and HDT5 [VAS ϭ 26]), and the fourth subject reported pain on HDT2 (VAS ϭ 19) and HDT3 (VAS ϭ 12). For the rest of the bed-rest phase beyond HDT5, none of the subjects reported LBP. In the fi rst week after bed-rest, 5 of the 9 subjects reported LBP. Of these, 3 subjects reported LBP on the same day as reambulation (lasting 1 day in 2 subjects and 4 days in another). One subject reported LBP starting only on day-2 after bed-rest (lasting 3 days) and the fi fth subject reported LBP on day-7 after bedrest. Four subjects reported central LBP and a fi fth reported left-sided LBP. The median VAS score reported was 14 (of 100; range, 6-42). Of the 5 subjects who reported LBP after bedrest, only 2 had reported LBP during the bed-rest phase. In no case were there reports of pain radiation into the lower limbs.
Changes in Spinal Morphology During Bed-Rest
Disc volume differed between the vertebral levels (F ϭ 29.3, P Ͻ 0.0001) and increased during bed-rest (study-date, F ϭ 28.1, P Ͻ 0.0001) ( Table 1) . While the volume of the T12-L1 vertebral disc did not change during bedrest (both P Ͼ 0.54), there were strong increases in volume in the lumbar discs (all P Ͻ 0.038 except L2/3 disc at HDT55/56). Overall, however, there was no statistical evidence for a different response in each of the discs (study-date ϫ intervertebral-level: F ϭ 1.2, P ϭ 0.30), indicating a homogenous increase (in cm 3 ) across all discs. Analysis of the percentage change in disc volume yielded similar results. On average, the lumbar discs were increased by mean (SEM) 1.8 (0.3) cm 3 (t ϭ 6.7, P Ͻ 0.00001) in volume, or 6.5%, at the end of bed-rest.
The height of the lumbar discs differed both between vertebral levels (F ϭ 36.6, P Ͻ 0.0001) as well as between the anterior and posterior aspects of the discs (region: F ϭ 677.4, P Ͻ 0.0001; intervertebral-level ϫ region: F ϭ 21.1, P Ͻ0.0001; Table 1 ). Over the course of the bed-rest phase, the response of the posterior and anterior aspects of the disc differed between vertebral levels (study-date: F ϭ 72.0, P Ͻ 0.0001; study-date ϫ intervertebral-level: F ϭ 2.1, P ϭ 0.028; study-date ϫ region: F ϭ 0.5, P ϭ 0.60; study-date ϫ intervertebral-level ϫ region: F ϭ 2.4, P ϭ 0.0097). This effect is depicted in Figure 3 ; at the lower lumbar discs, the increase in disc height occurs posteriorly, with no signifi cant changes in anterior disc height in the L3/4, L4/5, and L5-S1 vertebral discs. At L2/3 and above, the increases in disc height become more pronounced anteriorly, and the increases in the posterior aspect of the disc are lower compared to the lower lumbar vertebrae.
These results are in line with the observed changes in the intervertebral angles: the lower lumbar discs (predominately L4/5) move in kyphotic direction, whereas from L2/3 and above, the vertebrae are seen to move into either a more lordotic position (L2/3, L1/2) or show a nonsignifi cant fl attening from an initially kyphotic position (T12-L1) ( Table 1 ). These differences between the vertebrae on changes in intervertebral angle were signifi cant (study-date ϫ intervertebral-level: F ϭ 3.8, P ϭ 0.0002; study-date: F ϭ 0.9, P ϭ 0.39; intervertebrallevel: F ϭ 149.5, P Ͻ 0.0001).
The changes in intervertebral length during bed-rest also varied across the vertebral levels (study-date ϫ in-tervertebrallevel: F ϭ 3.5, P ϭ 0.0005; study-date: F ϭ 67.1, P Ͻ 0.0001; intervertebral-level: F ϭ 25.6, P Ͻ 0.0001). Although no signifi cant change was seen between the T12 and L1 vertebral levels (Table 1) , the increases in intervertebral length were much greater at the lower lumbar vertebrae (Table 1, Figure 4) . Overall, the length of the lumbar spine (vertical height between the dorsorostral corner of L1 and S1) increased from 178.7 mm at baseline by 4.2 (0.6) mm at HDT27/28 (t ϭ 7.7, P Ͻ 0.00001) and by 4.9 (0.5) mm, or 2.8%, by the end of bed-rest (t ϭ 10.3, P Ͻ 0.00001). : scanning performed on 27th and 28th days of bedrest; HDT55/56: scanning performed on the 55th and 56th days of bed-rest. Note that the lower lumbar discs show increases in height predominately anteriorly, whereas increase in posterior disc height becomes progressively greater at the upper lumbar levels and changes in anterior disc height relatively less. For significance of changes at each vertebral level and study date (Table 1) . 
For disc volume and height measures, T12-L1 indicates the T12-L1 vertebral disc, for intervertebral length it indicates the vertical distance between the dorsorostral corners of T12 and L1 and for the intervertebral angle it indicates the angle between the superior endplates of T12 and L1 (with positive angles indicating a lordosis between the 2 vertebrae.
BDC indicates baseline data collection; HDT, head-down tilt. tween muscles at a given vertebral level and also within muscles between vertebral levels, the percentage change in muscle CSA per week was examined. At every vertebral level (L1, L2, L3, L4, and L5), the rates of CSA change varied between the muscles (all F Ͼ 7.7, all P Ͻ 0.0002). When the MF muscle was examined alone and each vertebral level compared, signifi cant differences were apparent in the rates of CSA change at each vertebral level (F ϭ 4.1, P ϭ 0.0041; Figure 5 ). The CSA F5 change per week was signifi cantly greater at L4 and L5 than at L1 and L2 (P Ͻ 0.004). The rate of CSA decrease at L4 and L5 was also marginally faster than at L3 (P Ͻ 0.051).
BIOMECHANICS
In the ES muscle, the rate of CSA decrease also differed between vertebral levels (F ϭ 5.5, P ϭ 0.0006; Figure 5 ) and was fastest at L1 (P Ͻ 0.005 compared to L3, L4, and L5), with the rate of atrophy at L2 being marginally faster than at L4 and L5 (P Ͻ 0.0227). In QL, the rate of CSA change did not differ signifi cantly between vertebral levels (F ϭ 1.8, P ϭ 0.15; Figure 5 ), though on average, signifi cant decreases of -1.0 (0.2)% in CSA per week did occur (intercept-term:
To consider the effect of spinal morphology changes on intervertebral biomechanics, the disc transverse plane area/ sagittal plane disc height ratio was also evaluated. Signifi cant changes in this ratio were seen over the course of the study (study-date: F ϭ 5.3, P ϭ 0.0063). While the area-height ratio varied between vertebral levels (inter-vertebral-level: F ϭ 14.1, P Ͻ 0.0001), the changes over the course of the study did not (study-date ϫ interverte-bral-level: F ϭ 1.3, P ϭ 0.22). At baseline, the mean (SEM) area/height ratio was 36.0 (3.1). At HDT27/28, the ratio was decreased by -1.7 (0.6) (-4.8%; t ϭ -3.0, P ϭ 0.0038) and by -1.9 (0.6) (-5.2%; t ϭ -3.0, P ϭ 0.0037), indicating that the increase in height of the discs during bed-rest was relatively greater than the increase in transverse plane area.
Percentage Changes in CSA per Week Within and Between Muscles
T2 Table 2 gives the CSA values for each muscle at each vertebral level on each study-date. To enable ease of comparison be- HDT27/28: scanning performed on 27th and 28th days of bed-rest; HDT55/56: scanning performed on the 55th and 56th days of bedrest. The length increases between T12 and L1 are marginal (P Ͼ 0.08), whereas strong increases between all the vertebrae of the lumbar spine (all P Ͻ 0.005) were observed ( Table 1 ). F ϭ 16.7, P ϭ 0.0001). The rate of increase in PS muscle CSA also varied between vertebral levels (F ϭ 9.9, P Ͻ 0.0001; Figure 5 ) with the effect being most pronounced at the upper lumbar levels. At the L4 and L5 vertebral levels, no signifi cant rate of CSA change was apparent (P Ͼ 0.16), and the rates of CSA increase were signifi cantly higher at L1, L2, and L3 than at these lower lumbar levels (P Ͻ 0.0149).
Relationship Between LBP Occurrence During and After Bed-Rest and Changes in Spinal Morphology and Muscle CSA
LBP occurrence during bed-rest (which was localized to the fi rst week; mentioned earlier in the text) bore no relation to changes in spinal morphology at the end of bed-rest (all P Ͼ 0.099). Similarly, there was no relationship to changes in muscle CSA (all P Ն 0.112) with the exception of MF CSA at L5 where the subjects who experienced LBP during bed-rest showed a trend (P ϭ 0.057) to less loss of CSA (7.3 [3.8] % less) than those subjects who did not experience LBP. In contrast, subjects who reported LBP in the week after bed-rest showed greater percentage reductions in MF muscle CSA during bed-rest at L4 (9.5 [2.5]% greater reduction, t ϭ -3.85, P ϭ 0.00027) and L5 (6.2 [3.5]% greater reduction, t ϭ -1.74, P ϭ 0.085), but with no difference at the upper lumbar levels (all P Ͼ 0.57). There was no relationship between the percentage change in ES, PS, and QL muscle CSA during bed-rest and the occurrence of LBP in the fi rst week after bed-rest (all P Ͼ 0.41). Also, these subjects showed a greater increase in posterior disc height at L5-S1 (14.0 [6.9]% more, t ϭ 2.03, P ϭ 0.04) and L4/5 (8.9 [5.0]% more, t ϭ 1.78, P ϭ 0.08) than subjects who did not experience LBP after bed-rest. At L3/4 and above, there was no difference between the subjects with or without LBP after bed-rest for posterior disc height (all P Ͼ 0.40). These same subjects also showed a greater increase in interver-tebrallength (1.0 [0.4]% more, t ϭ 2.7, P ϭ 0.029), anterior disc height (4.6 [2.7]% more; t ϭ 1.66, P ϭ 0.14), and disc volume (2.2 [3.6]% more; t ϭ 0.61, P ϭ 0.56) at the end of bed-rest than subjects who did not experience LBP, though these effects were either marginal statistically or nonsignificant. Correspondingly, the subjects who experienced LBP after bed-rest also showed greater reductions in the ratio of transverse disc area to sagittal disc height, but this effect was marginal statistically. LBP occurrence after bed-rest was unrelated to changes in the curvature of the lumbar spine during bed-rest (P Ͼ 0.09). of this, and other, muscles could impair their ability to support the lumbar spine, particularly at the lower lumbar segments. Localized muscle atrophy at a particular lumbar segment is considered to increase the risk of injury to that vertebral segment. 30, 31 Also, postural muscles, such as the ES, are atrophied and with the observed increases in size of the PS muscle, it is possible that an imbalance of muscle loading on the spine could occur.
Importantly, despite the low number of subjects in the current study, there was a relationship between the occurrence of LBP after bed-rest and the changes observed in the lumbar spine during bed-rest. Greater increases in disc height and loss of MF muscle CSA (both at L4 and L5) during bed-rest, as well as lengthening of the spine were associated with the incidence of LBP after bed-rest. While other factors, such as greater increases in disc volume and increases in anterior disc height were also related to LBP incidence after bed-rest, these effects were not signifi cant, statistically. The fi ndings on the relationship of MF muscle atrophy with LBP incidence are consistent with fi ndings on the long-term recurrence of LBP. 31 Critically, the occurrence of LBP during bed-rest was unrelated to changes in muscle CSA or spinal morphology. Of the 9 subjects, 5 reported LBP in the fi rst week after bed-rest. While it is diffi cult to compare this incidence rate to known epidemiological injury rates, it is nonetheless high for such a short period of time and also consistent with another recent report from bed-rest. 32 Overall, the fi ndings suggest that the changes in the lumbar spine, particularly in atrophy of the MF muscle and increase in posterior disc height at the lower lumbar spine, could increase the risk of LBP after prolonged bed-rest.
The results of the current study help to give a better understanding as to why higher rates of LBP onset may be seen after rising in the morning, 1 and why astronauts may have a higher incidence of disc herniation than the general population or an Army aviation population. 2 The current study also provides further evidence against the use of bed-rest in the management of LBP.
DISCUSSION
This study had a number of novel and interesting fi ndings. First, we observed that differential atrophy occurred in the paraspinal musculature during bed-rest. The lumbar MF muscle atrophied to a greater extent and faster at the lower lumbar levels (L4, L5) than higher in the lumbar spine. In contrast, the ES muscle demonstrated greatest losses of CSA at L1. These decreases in CSA were not just due to the muscles being larger at these levels at the start of bed-rest as the percentage change in CSA was also signifi cantly greater at these vertebral-levels. The QL muscle also atrophied and while this was statistically strongest at L3, the results suggested that the atrophy was evenly distributed through the muscle. The PS muscle showed increases in muscle CSA, which were most pronounced at the upper lumbar levels. Another important fi nding was that subjects who experienced LBP after bed-rest were those who showed greater increases in posterior disc height at L4 and L5, greater increases in intervertebral length, and greater losses of MF muscle CSA at L4 and L5 during bed-rest. The occurrence of LBP after bed-rest was unrelated to changes in the ES, PS, or QL muscles during bed-rest.
In this study, the pattern of change seen in spinal morphology was a generalized increase in disc volume (i.e., no disc affected more than the others), lengthening of the spine (which was greater at lower lumbar vertebral levels), loss of the lordosis from L3 to S1, but a relative increase in lordosis at the upper lumbar spine and a fl attening at the thoracolumbar junction. The changes in disc height corresponded to the changes in curvature at the lower lumbar spine, given that the posterior aspect of the disc increased in height much more than anterior part. At upper lumbar/lower thoracic levels, anterior disc height increased, and the changes in posterior disc height were less pronounced than at lower lumbar levels. While these patterns of change may seem intuitive, this is the fi rst time they have been reported in such detail. The consistency of disc volume changes through the lumbar spine is surprising, given that greater compressive loads are likely exerted on the lower lumbar spine than the upper lumbar spine during daily activities, but is similar to prior work. 6 The observed changes in spinal morphology and muscle size changes could contribute to an increased risk of injury to the lumbar spine after bed-rest. Biomechanical modeling studies 9 have suggested that the increases in disc height observed during bed-rest would lead to an increase zygapophysial joint load on reambulation and also increase overall motion of the intervertebral segments. The ratio of transverse-plane disc area to sagittal plane disc height decreased during bed-rest, which implies that anular fi ber stress would be higher and also that disc stiffness would be decreased (increased fl exibility) after bed-rest. 9 This suggests that greater demands would be placed on the muscular system to provide active stiffness to the intervertebral segments after bed-rest. 29 In contrast to being able to meet these increased demands, critical components of the muscular system are deconditioned in this situation. The MF muscle in particular shows the fastest rates of atrophy at the lower lumbar spine. This muscle typically provides 60% to 80% of the active stiffness to the lumbar segments, 14, 15 and is important in controlling intervertebral motion at the lumbar spine. [16] [17] [18] Deconditioning
➢ Key Points
This work helps to explain prior fi ndings of an increased risk of lumbar injury after an overnight bed-rest and in astronauts. During prolonged bed-rest a generalized increase in lumbar disc volume occurs, with greater lengthening of spine occurring at the lower lumbar segments. Measured in the supine position, there is a reduction in the lower lumbar lordosis and at the upper lumbar spine, a change from a fl at to more lordotic position. Diff erential muscle atrophy occurs at the lumbar spine during bed-rest, with the fastest rates of atrophy occurring in the lumbar MF at the lower lumbar spine and the ES at the upper lumbar spine. The incidence of LBP after bed-rest was related to greater increases in posterior disc height, greater increases in intervertebral length, and greater MF muscle atrophy at the lower lumbar spine during bed-rest.
